Recent interest in conditions associated with increased blood serotonin level has highlighted the need for consistency between assay methods to allow for more accurate delineation of serotinin variables. To this end, comparison was made between a spectrofluorimetric technique frequently used in the past and two potentially more specific high performance liquid chromatographic procedures. Normal ranges and diurnal variations for blood serotonin in adults, normal, autistic children and children with developmental dysphasia were also determined. No significant difference was found between serotonin level in blood drawn by simultaneous venepuncture and capillary (fingerprick) collection. Whilst there was no evidence of circadian rhythm, seasonal variation with mean blood serotonin levels significantly lower in summer than in two successive winters was suggested. Blood serotonin values in normal children tended to decline with increasing age. No similar maturational effect was apparent in autistic children. The mean level for autistic children in winter was significantly higher than that for normal children in the same 'Season; despite this there was considerable overlap of blood serotonin levels between normal and autistic groups. Serotonin levels determined by the three different methodologies showed a high correlation but differed significantly: caution should be exercised when comparing blood serotonin results where different methods are employed.
It is now accepted that serotonin (5-hydroxytryptamine, 5-HT) plays a role in neuronal action in the brain, although the nature of this role has not been fully elucidated. Elevated blood levels have been found by Pare et al. I and by Schain and Freedman/ in a number of mentally retarded children. Ritvo et al. J found that elevated blood concentrations of serotonin occurred in 30% to 40% of patients with the syndrome of autism, and put forward the hypothesis that there is a concomitant elevation of serotonin in the central nervous system. Ritvo et al:" suggested that in some autistic children, lowering the serotonin level in the blood by pharmacological means was accompanied by clinical improvement. However, these preliminary observations were not fully supported in two more recent studies by August et al. 5 accurate and reliable method for measuring serotonin in the blood will thus be of importance in any research work associated with infantile autism, mental retardation and other childhood psychoses. It will also permit reliable cross validation of methods used previously for the reporting of serotonin blood levels. Whilst several reports7-11 have compared results from methods which determine serotonin in biological specimens other than whole blood, there has been only one report'f of an intermethod correlation study involving assays for blood serotonin. This is clearly unsatisfactory as interlaboratory results would be expected to be more comparable for blood serotonin than for plasma serotonin which is complicated by difficulties in obtaining plasma with high and consistent yields of platelets, to which serotonin is bound. Until a method for blood serotonin has been well delineated, many data on blood serotonin, including those from studies quoted above, remain questionable.
A variety of different analytical techniques have been previously described for measuring blood serotonin; several have used simple solvent extraction procedures and detection of the unchanged native serotonin fluorophor': ' 15 or its o-phthalaldehyde derivative III by spectrofluorimetry. Whilst these so-called classical methods base the specificity of the fluorescence reaction on extraction by organic solvents or on thin-layer chromatographic separations, they are somewhat laborious and are subject to inconsistencies. Indeed, by their often poor discrimination between serotonin and other 5-hydroxyindoles, they raise uncertainty as to which component is actually being measured. This, combined with the often small population sizes previously studied, could explain why information regarding serotonin levels in relation to such variables as circadian rhythm, 17-25 normal range." 211-33 intraindividual variation, 13 effect of food 22 • 211. 27. 34--311 and physiological maturation.'-6. 37. 38 is frequently conflicting.
More recently, a number of liquid-chromatographic methods for the measurement of serotonin in whole blood have been reported using highly sensitive detectors. By coupling the resolving power of efficient high performance liquid chromatographic (HPLC) columns with the sensitivity of electrochemical?' 39. 40 and fluorescence detectors.P" 4\ methods are available which offer potentially much greater specificity than the earlier 'classical' non-chro-matographic solvent extraction assays.
In this paper, we compare results from one of the classical methods with results from two selective HPLC procedures. Because many of the previous serotonin data have been derived using the Yuwiler spectrofluorimetric method,13 we chose this procedure for the classical method in the comparison study. For the selective HPLC procedures, the methods of Korpi4() and Anderson" were chosen for their simple blood pre-treatment requirements and the additional selectivity they lend to the chromatographic system through either electrochemical or fluorimetric detection. We establish a number of essential parameters for blood serotonin using HPLC, thereby testing their method dependence against earlier non-chromatographic methods. We also compare, for the first time, serotonin levels in blood collected by venepuncture with those in blood collected by the capillary finger-prick technique and levels in winter with those in summer.
Experimental

SAMPLE COLLECTION
All blood samples were collected between 0900-1700 h by either venepuncture or finger prick into EDTA-containing Vacutainer tubes, mixed by gentle inversion, and either placed on ice for immediate analysis (within 2 h) or frozen and stored at -7()OCfor later extraction (always within 2 weeks). Serotonin has been shown previously by both HPLcM', 41 and spectrofluorimetric methods13 to be stable when analysed within 2 h; freezing and storing blood samples at -6O"C or less for up to 10 months has been shown by HPLC methods": 4(1. 4\ not to affect serotonin concentrations.
SUBJECTS AND STUDY I)ESIGN
Control, autistic and dysphasic children Children taking part in this study were drawn from three populations: (1) 106control children with a mean age of 9·7 years (range 1-19) who were attending an out-patient clinic for minor medical complaints (and from whom blood was already being collected for other routine tests, but who were regarded as clinically normal by their medical practitioners); (2) 30 age-matched autistic children, mean age 10·2 years (range 4-19) and (3) 11 younger children with developmental dysphasia, mean age 5·5 years (range 3-8). Each autistic child unequivocally met the DSM-II1, 299·0,42 and National Society for Children and Adults with Autism 43 criteria for autism (onset prior to 30 months of age with characteristic disturbances of developmental rates and sequences, relatedness, communication and responses to sensory inputs). The children with developmental dysphasia had a severe disorder of both receptive and expressive language, but did not have the other classical features of infantile autism. For ethical reasons, capillary blood for base-line levels in normal children was divided into aliquots mainly during random sample collections and the collection time noted. Intra-individual variation of blood serotonin level in autistic children was assessed by collecting three samples in a 4-week period and seasonal variation, by collecting samples in two successive winters and in summer, approxi-mately 6 months after the first collection.
Adult subjects
Seventeen adults (mean age 35·5 years, range 2a-55) also participated in part or all of the study. Venous and/or capillary blood samples were drawn from adults over a 24 h period at the following times: 0900, 1300, 1700,and0900h. These samples were used to determine the adult normal range, diurnal variation, effect of a meal, the dependence of serotonin level on method of collection and method specificity. A pooled blood sample (previously divided into aliquots and stored at -70"C) from two normal adults was included in each day's analytical run to assess day-to-day variability in the assay procedure and permit the stability of blood frozen at -70°C to be checked by each method.
No adults were taking medication at the time of testing. A few children were taking antibiotics, bronchodilators, analgesics and vitamin A supplements; the values obtained from these subjects were consistent with the others in their age group and were included in the data presented. Children taking anticonvulsants were excluded from the study because antiepileptic therapy is known to induce variations in blood serotonin.P
ANALYTICAL PROCEDURES
For inter-method correlations, precision and stability studies, whole-blood serotonin values were determined in duplicate by the solventextraction, fluorescence method of Yuwiler et al., 13 (spectrofluorimetric) and the proteinprecipitation, HPLC methods of Korpi/" (HPLC-K) and Anderson et al.," (HPLC-A). An outline of each procedure is given in Table  I . All three methods were modified from the original by having matrix-matched rather than aqueous standards. Recently drawn-blood samples were pooled and supplemented with the appropriate amount of serotonin, and internal Blood serotonin levels 627 standard where applicable, and subjected to the three procedures. The endogenous serotonin in blood was calculated in each sample by comparing fluorescence'" or peak heights4(), 41 of the corresponding 'endogenous' and 'supplemented' aliquots. With all analyses, the freezing, thawing and centrifugation steps were performed quickly to keep exposure time of serotonin to haemolysed blood as short as possible. 7 • 44 Apart from mode of detection, HPLC-K essentially differs from that of HPLC-A only by the former's carbon monoxide pre-treatment procedure. As a result of these comparisons, for all other blood serotonin studies, the method of HPLC-A was employed, unless stated otherwise.
ANALYSIS OF THE DATA AND STATISTICAL EVALUATION
Correlations were based on Pearson productmoment coefficients. Statistical analysis for diurnal variation and stability was carried out by Friedman two-way analysis of variance by ranks;45 other statistical comparisons were carried out using Student's r-test, A significance level of P<O·05 was taken as the criterion for group differences.
Results and discussion
ANALYTICAL
Method comparisons and analytical variables.
Inter-method correlations. A comparison of blood serotonin levels obtained by using the two HPLC proceduresf" 41 and the spectro-f1uorimetric method13 is given in Table 2 . The correlation coefficient (r) was slightly higher for the two HPLC procedures (r=O'998) than for (Table 2) ; that there was relativity without interchangeability reflects the almost predictable uniform and uni-directional shift in blood serotonin levels from one method to the next. Thus caution should be exercised when comparing interlaboratory blood serotonin results, especially where different methods are employed.
Parallel IIPLC determinations in this study were run both with and without carbon monoxide pre-treatment as recommended by Korpi''" and Anderson et al. 41 respectively. The excellent correlation we obtained between the two HPLC procedures, therefore, contradicts a previous observation by Korpi'" that direct protein precipitation with concentrated perchloric acid totally destroys serotonin in whole blood and that degradation cannot be prevented simply by using EDTA and ascorbic acid as suggested previously," 44 . #0 but requires carbon monoxide pre-treatment to inhibit the serotonin destruction by free oxyhaemoglobin.
Precision, stability and recovery stlldy. The blood sample, which was aliquoted and stored frozen at -70°C, was analysed in duplicate at regular intervals (/1= 12) over a period of 8 months. Values obtained were used to test precision and stability. The interbatch coefficient of variation (C.V.) was 6·7'Yo, 6'8°;', and 8·3% for IIPLC-A,41 HPLC-K 4I1 and spectrofluorimetric':' methods, respectively. Corresponding within run precision, determined after five replicate analyses, was 2'7%, 4·5% and 3·0%. Blood serotonin was linearly related to fluorescence intensity':' and to peak height ratios'": 41 throughout the concentration range investigated, 100-3,000 nmol/L. This adequately covers the range of serotonin concentrations in blood from children and adult controls.
Serotonin was found to be stable by all three assay methods over 8 months. This confirms previous observations made using IIPLC 7 • .1(1. 41 but, more importantly, extends the finding to include the spectrofluorimctric procedure.':' Studies using other proccduresf" 4ll have demonstrated marked decreases in serotonin level assayed with increasing time of storage. The present results suggest that such decreases are not due to changes in serotonin concentration during storage and the losses previously described may have resulted from changes within the blood leading to marked destruction of the serotonin during protein denaturation in the course of the analytical procedure.
Recoveries of serotinon added to blood at concentrations from 250 to 2500 nmollL averaged 93%, 74% and 71% for the spectro-fluorimetric, HPLC-A and HPLC-K methods, respectively. The result amply demonstrates the difference which could be expected in blood serotonin levels when aqueous rather than matrix-matched standards are used, particularly with the two HPLC procedures. It re-emphasises the importance of using serotonin standards prepared in blood and the caution necessary when comparing inter-laboratory blood serotonin values.
Method evaluation. All three procedures'?: 411. 41 with their excellent correlation, linearity and reliability are capable of accurately measurin~serotonin. The spectrofluorimetric method, I. however, suffers the disadvantage of requiring 2 mL of blood, a reagent-blank and a two-step extraction. The two other techniques, through their use of HPLC coupled to sensitive detectors, minimise requirement for sample pre-purification and allow analysis on capillary blood samples. Detection limit, defined as a signal twice the height of the noise level for all three methods, was 5,20 and 50 nmol/L for the HPLC-A, HPLC-K and spectrofluorimetric methods, respectively. This may limit the usefulness of the spectrofluorimetric procedure':' in monitoring serotonin levels following fenfluramine treatment where the amine can be reduced to 16% of its baseline level (unpublished observation). The consistently higher levels obtained from the spectrofluorimetric method':' indicate that this method is less selective than the HPLC procedures, which acquire their selectivity through chromatographic resolution as well as detector specificity. A problem unique to the HPLC-K assay is its requirement for daily treatment of the carbon paste electrode in order to keep the electrode functioning properly; the two fluorescence assays require no time-consuming detector preparation. Because the electrode requires this constant attention to performance during analytical runs, it is not particularly useful in combination with an autoinjector, unlike the HPLC-A method. The HPLC-K method suffers additional disadvantages in using an internal standard which is not commercially available and, in contrast to the HPLC-A method where there is virtually no solvent front, has a gross initial solvent peak on its chromatograph which can occasionally restrict complete resolution of serotonin. (The solvent peak can be considerably reduced, with no loss in serotonin recovery, by applying the protein-free supernatant to a small gravity-fed extraction column filled with Amberlite cation-exchange resin and eluting Blood serotonin levels 629 serotonin with 3 moVL ammonium acetateunpublished observation).
Using the HPLC-A method, 50 serotonin determinations a day are possible compared with approximately two-thirds of this number for the other assays. The shorter analysis time can be largely attributed to our use of 0·5 mL polypropylene microfuge tubes to handle all the HPLC-A sample preparation steps compared with the necessary use of conventional glassware for the other two procedures. When used in combination with an autosampler, only 1·5 h of a working day need be involved in actual preparative analysis when using the HPLC-A assay. In addition, the HPLC-A assays, unlike the others.P: 40 will allow co-determination of the serotonin regulating amino acid, tryptophan. 49 In summary, the present investigation has shown that the HPLC-A method is the most likely candidate for a reference method, for, in terms of analysis time, simplicity, sensitivity, selectivity and precision, it is at least the equal and often the superior procedure.
Comparison of blood sampling methods. Serotonin levels were obtained from 12 pairs of venous and capillary blood samples using two assay methods.P: 40 Regression parameters were y= 11-199+ 1·02 x, r=0·996, and y= 11·232+1·02 x, r=0·987 for the HPLC-K and spectrofluorimetric method respectively. Student's r-test showed serotonin analysis on venous and capillary blood samples was interchangeable and that this finding was independent of the method of assay (t=0·8oo, P>0·1 for spectrofluorimetric method, t=0'208, P>0·5 for HPLC-K method). This independence represented an important finding for it allowed blood samples to be taken from children by the preferred microtechnique.
CLINICAL
Delineation of serotonin variables
Male-female differences. An earlier study by Yuwiler et al. using the spectrofluorimetric method13 had shown neither the means nor variances of blood serotonin levels to be significantly different between sexes within each age group. As this non-chromatographic method may not detect sex differences demonstrable by chromatographic techniques, we compared serotonin levels in 19 male and 24 female 9-10year-old control children and eight male and nine female adults, using HPLC-A. 4 1 No significant difference in levels was found in either group (P>0·05). As a result of this finding, values for male and female subjects were pooled for all studies.
Maturational effects. As seen in Fig. 1 there was a downward trend in the mean blood serotonin levels of normal children, with increasing age (r= -0,834). This maturational effect is also indicated in Fig. 2 with the lowest mean serotonin concentration occurring in adults. The large variances and the relatively small number of subjects within each age group preclude any firm statement on this observation, although it is noteworthy that similar maturational effects have been found within other studiesr': 6. 37. 3ll all these earlier reports used the spectrofluorimetric method 13 for blood serotonin measurement. No firm conclusion, at this stage, was reached for autistic children because of the even smaller number of subjects within each age bracket; however, it will be shown later, from the lack of significant variation in concentrations obtained in consecutive winters, that there is not the same maturational effect in autistic children as there is in normal children.
Diurnal variation. Blood serotonin levels measured in 12 subjects over a 24-h period are shown in Fig. 3 , along with the group means obtained at each time point. There is no obvious change in blood serotonin concentration in the 8-h period between 0900 and 1700h (X 2 = 5·g, P>O·I); the individual data showed the two 0900 h collections were in no closer agreement than any other arbitrarily selected time points within the testing period. The possibility remains that there existed very brief or prolonged rhythms which were not evident from within the design of the study. Nevertheless, our findings are in contrast to the results of previous authors I 7-23 who have reported a circadian cycle in serotonin during a time period similar to that outlined above, but are in agreement with others 24. 25 who demonstrated no diurnal rhythm. In all these studies!7-2S serotonin was measured using non-chromato- Blood serotonin levels Blood serotonin levels in autistic and nonautistic subjects. Blood serotonin distributions for normal adults and control, autistic and dysphasic children are graphed in Fig. 2 . Blood was collected from all groups in winter. The mean blood serotonin level was 1303±484 nmol/L for autistic children which was significantly higher than that for normal children: 1083±499 nmol/L (t=2·183, P<O·05). Because of the small number of dysphasic children studied, no significance was established between this group and normal children. Despite the elevation in mean blood serotonin concentration for autistic children there is considerable overlap between groups and it is apparent from this study, as in many others" 6. 311. 52 that the overlap of serotonin levels between autistic and other children is so great as to make the measurement of blood serotonin of no diagnostic value in autism.
Previously, reported mean blood serotonin concentrations have varied markedly between studies--from 499 to 920 nmol/L in normal adults,'")' 53 982 to 1816 nmol/L in autistic children 52 • 54 and 704 to 1532 nmol/L in normal children. 33. 52 Moreover, a very recent study" has shown, contrary to previous findings, no significant difference in the serotonin concentration of whole blood between groups for autistic, retarded or normal children. The apparent inconsistencies in serotonin levels may stem from variable patient populations, different methods of analysis especially where aqueous standards are advocated, deficient son). These results suggest the possibility of seasonal variation in the blood serotonin concentration of autistic children; however, other causes of the low values need to be excluded and the study extended to include two successive summers, before the full significance of the decreased levels can be assessed. The proximity of the two levels in consecutive winters also suggests that there is not the same negative correlation of blood serotonin concentration with age in autistic children as there is in normal children. The study is being expanded as additional subjects become available.
Whilst no firm conclusion could be reached on the existence of seasonal variation in blood serotonin concentration, it is interesting to note that several previous studies have shown seasonal variation in the number of serotonin uptake sites on the platelets of normal controls and depressed patients.'?' 50, 51 . .......-....__--0------- graphic spectrofluorimetric techniques. A circannual dependence on circadian rhythm has been described for platelet serotonin, the level being significantly higher at mmo h than 1600 h in spring, but not in autumn. I'} The current study was conducted in summer. However, since its completion, a similar though smaller study conducted in winter on five more adult subjects has also shown absence of diurnal variation.
As each morning and early afternoon blood sample was drawn between I and 2 h post meal, the above results would seem to be in agreement with those studies which support the absence of a 'meal effect' on circulating levels of serotonin.P: 27. 35. 36 Our results demonstrate the absolute definition of collection times (at least between 090() and 1700 h) to be unnecessary when determining blood serotonin levels in adults, and, although not similarly experimentally tested for, this finding was assumed to apply equally to blood collected from children.
Seasonal variation. The mean blood serotonin level for 21 autistic children in summer was 1188±441 nmol/L which was significantly lower than the levels found in the preceding and following winters, 1323±515 and 1325±547 nmol/L, respectively (P<O·05 for each compari-comparison norms and seasonal variation. It is obviously important for each laboratory to establish its own seasonal reference range for blood serotonin concentrations.
Intraindividual stability of blood serotonin levels. As an essential prerequisite to our proposed future study on the effect of fenfluramine in infantile autism, the results of which will be reported elsewhere, it was necessary to determine an average base-line blood serotonin value over time for each of the participating 21 autistic children. As seen in Table 3 , values for a single individual were relatively constant when levels were determined three times in a 4-week period with the largest difference between maximum and minimal values of the order of 40% and the smallest difference 1% (mean 14%). A previous study on a much smaller group of autistic children by Yuwiler et al. 13 had shown intra-person variability in blood serotonin concentrations over a period of several months to range from 8% to 22% (mean 15%; n=3).
In conclusion, the study has shown a high correlation coefficient but significant difference between the different methodologies for the estimation of serotonin. Whilst diurnal variation was not observed in adult subjects, the possibility of seasonal variation in autistic children was suggested with mean blood sero- ' ---" -' --"
tonin levels significantly lower in summer than in two successive winters. There was no significant difference in results between venous and capillary (finger prick) collection and we have compared serotonin levels in our population of normal and autistic children. We are at present undertaking a study of the effect of fenfluramine on serotonin levels and symptomatology in infantile autism.
